About one hundred samples of sediments and rocks recovered in Hole 603B were analyzed for type, abundance, and isotopic composition of organic matter, using a combination of Rock-Eval pyrolysis, C-H-N-S elemental analysis, and isotope-ratio mass spectrometry. Concentrations of major, minor, and trace inorganic elements were determined with a combination of X-ray fluorescence and induction-coupled plasma spectrometry.
INTRODUCTION
Most of the Jurassic to Pleistocene sections recovered at DSDP sites in the North Atlantic consist of cyclically interbedded strata in which the main differences between the interbeds are in color, the amount of organic matter, 1 van Hinte, J. E., Wise, S. W., Jr., et al., Init. Repts. DSDP, 93 : Washington (U.S. Govt. Printing Office).
2 Addresses: (Dean) U.S. Geological Survey, Denver, CO 80225; (Arthur) Graduate School of Oceanography, University of Rhode Island, Narragansett, RI 02882. and (or), for carbonate strata, the amount of insoluble residue Jansa et al., 1978 Jansa et al., , 1979 McCave, 1979a; Dean and Gardner, 1982; Arthur and Dean, 1986) . The primary causes of the cyclicity were variations in one or more of the following depositional conditions: the position of the calcite compensation depth (CCD), influx of terrigenous clastic material, influx of terrestrial and marine organic matter, and redox conditions in the bottom waters and sediments. The ultimate driving force for the cyclic depositional patterns, however, was probably external to the depositional basins and related to cyclic variations in global climate. Be-cause estimates of the periodicities of these cyclic interbeds generally fall within the range of 20 to 100 ky. (e.g., Dean et al., 1978; McCave, 1979a; Dean and Gardner, 1982; Arthur, Dean, Bottjer, et al., 1984) , it has been suggested that this cyclicity may be related to cyclic variations in insolation-resulting from changes in the Earth's orbital parameters (the so-called Milankovitch Cycles)-that have periodicities within the same range (e.g., Schwarzacher and Fischer, 1982; Arthur, Dean, Bottjer, et al., 1984) . Superimposed on these cyclic patterns, and sometimes accentuating them, are strata of reworked material introduced by slumping, turbidity currents, and debris flows McCave, 1979a, b; Kelts and Arthur, 1981; Summerhayes, 1981; de Graciansky et al., 1982; Dean and Gardner, 1982; Summerhayes and Masran, 1983; Robertson and Bliefnick, 1983; Arthur, Dean, and Stow, 1984) . All these cyclic depositional features are particularly well displayed in Hole 603B (Fig.  1) . The sedimentary section recovered in Hole 603B has the regional depositional characteristics that prompted Jansa et al. (1979) to define formations for the entire North Atlantic (Fig. 2) , but also has a considerable amount of reworked material derived from the continental margin of North America.
This investigation is part of our ongoing investigation of cyclic sedimentation in the oceans through time, particularly cyclic organic carbon (OC) accumulation in Mesozoic and Cenozoic strata in the North Atlantic. For this investigation we have used measurements of type, abundance, and isotopic composition of organic matter, and elemental concentrations in Cretaceous to Eocene rocks recovered in Hole 603B, all tied to the basic stratigraphic and sedimentologic framework ( Fig. 2 ; Site 603 chapter, this volume). Samples were collected for inorganic and organic geochemical analyses from Hole 603B to characterize the Eocene radiolarian claystones of lithologic Unit II, the Upper Cretaceous multicolored claystones of lithologic Unit III, the mid-Cretaceous black carbonaceous claystones of lithologic Unit IV, and the Lower Cretaceous (Neocomian) limestones and marlstones of lithologic Unit V (Fig. 2) ; 63 samples were collected on board the Glomar Challenger, and an additional 39 samples from lithologic Units IV and V were collected after the cruise (Tables 1 and 2 ).
METHODS
The samples were air-dried and ground to pass a 100-mesh (149-µm) sieve. Eleven of the samples were chosen at random for duplicate analyses. Inorganic geochemical analyses were performed on 112 samples (101 samples plus 11 duplicates) at the U.S. Geological Survey (U.S.G.S.), Denver. Twenty-six samples of green and black claystones from lithologic Unit IV and 26 samples of Neocomian carbonates from lithologic Unit V were submitted for Rock-Eval pyrolysis and measurement of stable carbon-isotope ratios of organic carbon (OC) at the U.S.G.S. laboratories in Denver. Splits of shipboard samples were sent to the University of Michigan for analyses of carbon and nitrogen, and splits of all samples were sent to the University of Rhode Island for analyses of carbon, nitrogen, and sulfur by C-H-N (see Arthur et al., this volume, for specific methods and comparison of results). Unless otherwise specified, all OC concentrations are given on a whole-rock rather than a carbonate-free basis. Splits of some samples also were sent to the University of Illinois for measurement of stable sulfur-isotope ratios (see Bonnell and Anderson, this volume).
All samples were analyzed for 40 major, minor, and trace elements by induction-coupled, argon-plasma emission spectrometry (ICP; Floyd et al., 1980) . Thirty elements were detected in at least some of the samples. The following 10 elements (and their lower limits of detection, in parts per million, given in parentheses after the element) were analyzed by ICP but not detected in any of the samples: Ag (4) , As (20) , Au (20) , Bi (20) , Cd (4), Sn (40), U (200) , Ta (80) , Eu (4) , and Ho (8) . The shipboard samples also were analyzed for 10 major and minor elements by X-ray fluorescence spectrometry (XRF; Taggert et al., 1980) . The Rock-Eval pyrolysis method provides a rapid determination of the hydrocarbon-generating potential and degree of preservation of sedimentary organic matter (Espitalié et al., 1977) . Programmed heating of a sample in a helium atmosphere results in generation of hydrocarbons and CO 2 . The instrument was calibrated by analysis of reference rock samples, a synthetic standard («-C 20 H 4 2), and CO 2 gas. The generated hydrocarbons are measured with a flame ionization detector. Free or adsorbed hydrocarbons are liberated by heating the sample in flowing helium at relatively low temperature (250°C) for 5 min., and the yield is recorded as the area under the first peak on a pyrogram (S ; ; mg HC/g sample). The S, peak is roughly proportional to the content of organic compounds that can be extracted from the rock or sediment with organic solvents. The second peak represents pyrolytic hydrocarbons generated by thermal breakdown of kerogen, and to a small degree by the cracking of resins and asphaltenes, as the sample is heated from 250 to 550°C at 25° per minute (S 2 ; mg HC/g sample). CO 2 also is generated by kerogen degradation, and is retained during the heating interval from 250 to 390°C and analyzed as the integrated area under the third peak on the pyrogram (S 3 ; mg CO 2 /g sample). Our data are expressed in terms of a hydrogen index (HI), which is the S 2 peak normalized to the OC content of the sample (mg HC/g OC); an oxygen index (OI), which is the S 3 peak normalized to the OC content of the sample (mg HC/g OC); an oxygen index (OI), which is the S 3 peak normalized to the OC content of the sample (mg CO 2 /g OC); a transformation ratio or production index [PI = Sj/ (S } + S 2 )], and a temperature of maximum yield of Pyrolytic hydrocarbons (T max ) (Tissot and Welte, 1978) . The quantity S ; + S 2 , the sum of the free and adsorbed hydrocarbons plus pyrolyzable hydrocarbons, is called the genetic potential of a sample, expressed as mg HC/g sample, or in equivalent units of kg HC per metric ton of rock or parts per thousand hydrocarbons in the rock. The production index (PI) and T max both have been interpreted as measures of thermal maturity (Tissot and Welte, 1978) . Katz (1983) suggested that there may be some CO 2 yield from the breakdown of the carbonate minerals that could affect the OI in finegrained carbonate-rich sediments and rocks. The temperature range over which the evolved CO 2 is collected (250-390°C) is, however, well below the temperature of thermal dissociation of carbonate minerals. We believe that much of what has been attributed to "matrix effects" in pyrolysis analysis actually results from nonlinear response of the pyrolysis apparatus, particularly for samples that contain <0.2% OC. The Rock-Eval pyrolysis HI and OI correlate well with atomic H/C and O/C ratios measured in the same samples by other methods (Espitalié et al., 1977; Tissot and Welte, 1978) , and HI and OI usually can be converted to H/C and O/C ratio of kerogen with an accuracy of 5 to 10% (Orr, 1981 (Orr, , 1983 .
Stable carbon-isotope ratios were determined by standard techniques (Kaplan et al., 1970; Pratt and Threlkeld, 1984) . Powdered samples were oven-dried at 40°C and reacted with 0.5N HC1 for 24 hrs. to dissolve carbonate minerals. If all the carbonate was not removed by the first acid leach, the sample was reacted with acid for an additional 24-hr, period. The residue was centrifuged, decanted, washed three times with deionized water, dried under flowing nitrogen at 50°C, and combusted at 1000°C under oxygen pressure in a LECO induction furnace. The resulting CO 2 was dehydrated and purified in a high-vacuum gas-transfer system, and the isotope ratios were determined with a Finnigan MAT 251 6-in., 90°-sector, isotope-ratio mass spectrometer. Results are reported in the usual per mil δ-notation relative to the Peedee belemnite marine-carbonate standard (PDB): where R is the ratio 13 C to 12 C. Results of all these analyses are presented in Tables 3 through 8 . nental Offshore Stratigraphic Test (COST) wells, and Lamont-Doherty Geological Observatory core V26-157. Bathymetry after Uchupi, 1971 .
RESULTS AND INTERPRETATION

Lithologic Unit V-Neocomian Carbonates
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Lithology of Neocomian Carbonates at Site 603
The CaCO 3 content of the Neocomian carbonate samples from Hole 603B ranges from 11 to 90%, with an average of about 80% for the laminated to bioturbated light-colored limestones and about 32% for the black, homogeneous claystones and calcareous claystones (Table 6). Concentrations of OC average about 0.1 % in bioturbated limestones and 2.24% in the black claystones, and on a carbonate-free basis there are significant differences between major lithologic types ( Table 5) .
Four main lithologic types are present as interbeds in the Neocomian carbonates of lithologic Unit V (Fig. 2): (1) bioturbated white to light gray limestone; (2) finely to coarsely laminated, streaked or microburrowed, medium brown to light gray marlstone; (3) homogeneous, dark brown to black claystone and calcareous clay stone; and (4) graded to massive, gray to tan siltstone and sandstone (see Site 603 chapter, this volume). The relative proportion of each lithologic type changes with depth: interbedded and bioturbated limestones dominate in the lower part of the sequence (Berriasian to Valanginian) and amounts of terrigenous clastic sediment increase upsection (Fig. 2) . In general, laminated carbonate beds predominate over bioturbated limestone beds throughout most of lithologic Unit V. Our studies have concentrated on the interbedded black claystones, laminated marlstones, and bioturbated limestones in several intervals, and in the following discussion we will ignore the coarser-grained clastic units except in so far as they help to interpret depositional processes (see von Rad et al., this volume) .
On the basis of visual and gross geochemical criteria, as defined in the following list, the Neocomian carbonates recovered in Hole 603B have two main end-member lithologies and an intermediate, somewhat intergradational lithology (Tables 5, 6 , and 9; Fig. 3 ):
1. Bioturbated white to light gray nannofossil limestone: 70-90% CaCO 3 ; 0.10-0.4% OC (0.58-1.75% on a carbonate-free basis). Contacts with lithologic type 3 are gradational, whereas those with type 2 typically are sharp.
2. Homogeneous dark brown to black claystone to calcareous claystone: 11-33% CaCO 3 ; 1.43-2.74% OC (1.80-3.19% on a carbonate-free basis). Contacts with overlying and underlying lithologies typically are sharp, and the black claystones appear to be unbioturbated. The claystones are in contact with lithologic type 3 more commonly than with type 1.
3. Finely laminated to streaked, medium brown to light gray, microbioturbated to unbioturbated marlstone and limestone: 53-89% CaCO 3 ; 0.07-3.08% OC (0.34-7.91% on a carbonate-free basis). Contacts with both of the other lithologic types are gradational to sharp.
Beds of bioturbated white limestone and black claystone typically are 5 to 15 cm thick, although some thicker beds do occur. Beds of laminated marlstone and limestone usually are thicker (several tens of centimeters) than those of the other lithologies (Fig. 3) .
On the basis of lithologic relationships and contents of CaCO 3 and OC, the type 3 laminated beds appear to be gradational between types 1 and 2; in other words, they are a mixture of nannofossil carbonate and low-carbonate, clay-rich lithologies. Their inorganic geochemical characteristics also are gradational, as we will show. An example of the types of interbedding of the three lithologies is shown in Figure 3 (Core 69, Hole 603B). Figure 4 illustrates the differences in CaCO 3 and OC concentrations for the three lithologic types on the basis of our set of 44 samples, about evenly divided between the three lithologic types ( 6 and 9) , and as a group contain the highest OC concentrations on a carbonate-free basis ( Table 5 ).
Characteristics of Organic Matter
The type and degree of preservation of organic matter also varies with lithology. Figure 5 shows that the Rock-Eval hydrogen index of all samples studied is low (<170 mg HC/g OC) compared with Neocomian bioturbated white limestones and laminated black marlstones from Site 367 . Highest values of HI occur in the OC-rich transitional laminated marlstones and limestones (type 3), whereas the bioturbated limestones contain organic matter with low HI and high OI. The black claystones cluster with low values of both HI and OI. Note that the HI values for all Site 367 samples are higher for both the oxidized (bioturbated white limestone) and reduced (laminated black marlstone) lithologies. In the samples from both Site 603 (Fig. 6 ) and Site 367 there is a strong positive correlation between percentage OC and HI, a commonly observed relationship in OC-rich strata (e.g., Dean et al., 1986) . This relationship implies that sediments with higher concentrations of organic matter tend to be more hydrogen-rich, or, to put it another way, that increases in OC above about 1 % result from the enhanced preservation of H-rich marine organic matter. Plots of absolute percent amorphous organic matter versus percent OC for the western North Atlantic (Summerhayes, 1981) illustrate this same effect; there appears to be a fairly constant background of about 0.5 to 1.0% terrestrial or reworked OC, and values above about 1.0% OC are due mainly to the addition and/or enhanced preservation of amorphous autochthonous marine organic matter.
The stable carbon-isotope composition of OC often has been interpreted in terms of the source of the organic matter. The basis for interpreting the isotopic composition of OC as a source signal is that modern terrestrial vegetation generally is depleted in 13 C relative to modern marine plankton, and generally has δ 13 C values about 5 Note: CaCθ3-Ca = concentration of CaCC>3 calculated from total Ca concentration; CaCθ3-MA = CaCC>3 concentration determined at Univ. of Rhode Island; OC-MA = organic carbon concentration determined at Univ. of Rhode Island; OC-RE = organic carbon concentration determined by Rock-Eval pyrolysis; N-MA and C/N-MA, nitrogen and C/N ration determined at Univ. of Rhode Island; Prod-I = production index (see "Methods"); T max = temperature of maximum yield of pyrolitic hydrocarbons. Dashes indicate no analysis. Samples with the same core-section, interval designation are analytical duplicates, as indicated in Table 2 .
to 6%o lighter (more negative) than those of marine plankton (e.g., Deines, 1980) . Most organic matter in modern marine sediments, judged by other geochemical criteria to be mainly marine, has δ 13 C values similar to those of marine plankton and particulate organic matter (about -22%o). This relationship also appears to be true of organic matter at least as far back as the Miocene (see Arthur, Dean, and Claypool, 1985; Dean et al., 1986) . We therefore expected that the isotopic composition of the OC-rich strata at Site 603, particularly when compared with that of the same facies at Site 367, would be consistent with the results of other geochemical source indicators, such as Rock-Eval pyrolysis. In other words, the OC at Site 603, being mostly terrestrial, should be isotopically lighter (have more negative values of δ 13 C) then that at Site 367, which is mostly marine [Tissot et al., 1979 [Tissot et al., , 1980 Summerhayes, 1981 Summerhayes, , 1986 ). Figure 7 shows that the opposite is true; the organic matter from Site 603 is isotopically heavier than the more marine, more H-rich organic matter at Site 367. In fact, the organic matter in the most OC-rich black marlstone beds at Site 367 is most enriched in hydrogen and is isotopically lightest, whereas the organic matter in the black clay stone beds at Site 603 is the least enriched in hydrogen and is isotopically heaviest. The δ 13 C values of the OC at Site 367 are similar to those for other Cretaceous marine OC-rich strata . The δ 13 C values of the OC at Site 603, particularly in the black clay stones, are similar to those for other Cretaceous terrestrial OC-rich strata, such as coals. Arthur, Dean, and Claypool (1985) and Dean et al. (1986) concluded that the isotopic composition of Cretaceous organic matter was indeed recording a source signal, but that this source signal was very different from that of modern organic matter. Cretaceous marine OC had δ 13 C values of about -27 to -29%o, and Cretaceous terrestrial OC had δ 13 C values of about -23 to -25%o. This conclusion is illustrated particularly well in the comparison of δ 13 C and HI values from Sites 603 and 367 in Figure 7 . A similar pattern of an isotopically heavy ( !^-enriched) source signal for Cretaceous organic matter along the continental margin of the North America, but even closer to a terrestrial organic source, is shown for the Continental Offshore Stratigraphic Test (COST) wells (Scholle, 1977 (Scholle, , 1979 (Scholle, , 1980 Scholle and Wenkam, 1982; Figs. 1, 8) . Most of the Cretaceous samples from the COST wells have atomic H/C ratios of 0.6 to 0.8 ( Fig.  8) , characteristic of hydrogen-poor, humic, type III kerogen. Visual estimates of relative abundances of kerogen types show that most of the kerogen is composed of herbaceous, woody, and coaly types. In fact, beds of coal or lignite were described on the basis of the Lower Cretaceous sections in most of these wells. Most of the Cretaceous samples have δ 13 C values of kerogen that range between -24 and -26%o. Thus, the terrestrial organic matter in the Cretaceous sections of the COST wells has an isotopic composition similar to that of the dark, homogeneous, calcareous claystones of lithologic Unit V in Hole 603B. Figure 9 shows the stratigraphic distribution of δ 13 C and HI in Cretaceous organic matter in our samples from Hole 603B. The organic matter at the top of the Neocomian carbonate section (1300 m sub-bottom) tends to be isotopically lighter, which we would interpret to indicate a larger contribution of marine organic matter; the organic matter at the bottom of the section (1500 m) is isotopically heavier, which we would interpret to indicate a larger contribution of terrestrial organic matter. This probably does not represent a secular trend in δ 13 C of oceanic total dissolved carbon, because analyses of pelagic carbonates show increasing δ 13 C through the Neocomian (Scholle and Arthur, 1980) . There is no corresponding difference in HI between the top and bottom of the Neocomian carbonate section, but all values of HI are low, indicating that the organic matter, regardless of source, is highly oxidized and degraded.
The ratio of organic carbon to total nitrogen (C/N) also has been used as an indicator of the source of organic matter in modern sediments (e.g., Goodell, 1972; Walsh et al., 1985) . Terrestrial organic matter tends to be depleted in proteinaceous, N-rich compounds and enriched in humic, C-rich compounds. Consequently, the C/N ratio of terrestrial organic matter tends to be high (about 14-30; Goodell, 1972; Muller, 1977; Meyers et al., 1984; Meyers, this volume) compared with that of freshly deposited, lipid-rich, autochthonous marine organic matter (C/N < 10). Interpretations based on C/N 
ratios alone may be misleading, however (e.g., Waples, 1985) , because of selective consumption of N-bearing organic compounds during the decomposition of organic matter, and because a substantial portion of the nitrogen in some samples may be adsorbed inorganic nitrogen. This adsorbed nitrogen usually is in the form of NH 3 or NH 4 + fixed on clays. Consequently, the most serious errors in using C/N ratios as indicators of organic matter source would occur in sediments rich in clay and poor in organic matter. That the C/N ratios of all Neocomian lithologies from Site 603, regardless of clay content, are close to 30 ( Fig. 10) suggests that most of the nitrogen in these samples is organic nitrogen, that the source of this nitrogen was mainly terrestrial organic matter, and/or that the organic matter is highly degraded. In any case, the C/N ratio does not appear to be a very useful index of either source or preservation of organic matter in ancient sedimentary rocks.
The carbonate-rich lithologies of lithologic Unit V tend to be enriched in sulfur and phosphate (as P2O5; Table  5 ), which also may be related to initial source and degree of preservation of organic matter. The mean concentration of sulfur in the carbonate lithologies is raised by a few very high values. Even without these few high-S samples, Figure 11 shows that the carbonates tend to be somewhat enriched in sulfur, on a carbonate-free basis, relative to the claystones, although there is considerable overlap in the ranges of S concentration among the three lithologic types. Figure 11 shows that the P 2 O 5 contents of the black claystones are distinctly lower than those of the carbonate lithologies. The average P2O5 concentration in the black claystones is 0.1%, about the same as the average P2O5 concentration in claystones of lithologic Unit IV (Table 7 ; discussed shortly), regardless of organic carbon content. The carbonate lithologies, on the other hand, contain several times more P2θ 5 on a carbonate-free basis than the black claystones, although there is no distinction by P 2 O 5 content between the laminated and bioturbated carbonates (Fig. 11) .
The amount of phosphorus that can be buried in sediment, other than that associated with detrital mineral phases, is limited by the initial C/P ratio in the organic matter that reaches the sediment/water interface, as well as the different rates of removal of organic carbon and phosphorus during aerobic and anaerobic decomposition of organic matter (Froelich et al., 1979) . Phosphorus, like organic nitrogen, tends to be preferentially removed relative to carbon by decay of organic detritus as Table 5 . Summary statistics for concentrations of major-element oxides and trace elements on a carbonate-free basis in samples of white limestone, black claystone, and laminated transitional marlstone and limestone from lithologic Unit V, Hole 603B. Note: The minimum and maximum observed concentrations are given as Min. and Max., respectively. The geometric mean and geometric deviation are given as GM and GD, respectively. N is the total number of samples that contained measurable concentrations greater than the lower detection limit for that element or oxide. Dashes under columns for GM and GD indicate that GM and GD were not calculated, because more than 50% of samples were below the detection limit for that element (indicated by less-than, <, symbol in Min. column). OC is organic carbon; T-N, total nitrogen; T-S, total sulfur. Note: The minimum and maximum observed concentrations are given as Min. and Max., respectively. The arithmetic mean and standard deviation are given as X and SD, respectively. Nis the total number of samples analyzed. CaCθ3"MA is CaCθ3 concentration determined by the carbonate-bomb method at University of Rhode Island. CaCθ3-Ca is CaCθ3 concentration calculated from the total Ca analysis. OC-MA, T-N, and T-S are organic carbon, total nitrogen, and total sulfur, respectively, as determined at the University of Rhode Island.
it settles through the water column and during early diagenesis (Krom and Berner, 1981) , so the C/P ratio of organic matter increases systematically (Suess, 1981; Froelich et al., 1982) . Therefore, the total phosphorus content of deep-water OC-rich sediment usually is low and the C/P ratio high (Glenn and Arthur, 1985) . Average OC/P 2 O 5 ratios for black claystones, bioturbated white limestones, and laminated limestones and marlstones are 23, 3, and 12, respectively, reflecting the higher phosphate content, relative to OC, of the carbonate-rich lithologies. The lower OC/P 2 O 5 ratios in the carbonate lithologies could be interpreted as evidence for larger amounts of initially better-preserved marine organic matter in the carbonates. As discussed previously, however, there is little difference in the degree of preservation of organic matter between lithologies, except in the laminated limestones and marlstones, which contain slightly better-preserved organic matter than the biotur- Note: The minimum and maximum observed concentrations are given as Min. and Max., respectively. The geometric mean and geometric deviation are given as GM and GD, respectively. N is the total number of samples that contained measurable concentrations greater than the lower detection limit for that element or oxide. Dashes under columns for GM and GD indicate that GM and GD were not calculated, because more than 50% of samples were below the detection limit for that element (indicated by less-than, <, symbol in Min. column). Table 8 . Summary statistics for concentrations of organic carbon (OC), total nitrogen (T-N), and total sulfur (T-S); Rock-Eval pyrolysis hydrogen index (HI, in mg hydrocarbons/g OC), and oxygen index (OI, in mg CC^/g OC); and δ 13 C of OC in parts per thousand relative to the PDB marine carbonate standard in samples of red, green, black claystones from lithologic Unit V, Hole 603B. Note: The minimum and maximum observed concentrations are given as Min. and Max., respectively. The arithmetic mean and standard deviation are given as X and SD, respectively. N is the total number of samples analyzed. Dashes indicate no analyses.
bated limestones. More likely, the higher P 2 O 5 concentrations in the carbonate lithologies are due to phosphorus that was adsorbed on, or incorporated in, the original biogenic carbonate. Froelich et al. (1982) found that the average phosphorus concentration in pelagic calcareous nannofossils is about 440 ppm, and suggested that nannofossil ooze is a major sink for phosphorus. Sulfur in these strata most likely is present mainly in the reduced form. The relatively low concentrations probably indicate that sulfate reduction and iron sulfide formation were minor because of the paucity of reactive organic matter in the Neocomian sequences. The generally higher concentrations of suflur, on a carbonate-free basis, in the more OC-rich laminated marlstones probably result from the somewhat better initial preservation of OC in those beds. The sediments probably were not iron-limited.
The pyrolysis results (Figs. 5 and 6), carbon-isotope results (Fig. 7) , nitrogen concentrations (Fig. 10) , and sulfur and P 2 O 5 concentrations (Fig. 11 ) all suggest dif- ferences in the sources and degree of preservation of organic matter in the Neocomian carbonates in the eastern and western basins of the North Atlantic during the Early Cretaceous. The bioturbated white limestones at Site 603 probably contain a background hemipelagic "rain" of organic matter, consisting of a mixture of terrestrial and highly degraded marine organic matter. This is indicated by their low HI and higher OI values (Figs. 5 and 6) , and values of δ 13 C that are not as light as those of the more marine Neocomian OC-rich strata at Site 367 off Northwest Africa (Fig. 7) . The only significant amounts of marine organic matter in the Site 603 samples from lithologic Unit V are preserved in the laminated marlstones and limestones, as indicated by higher values of HI and higher concentrations of OC (Figs. 5 and 6) , and possibly by higher concentrations of sulfur (Fig. 11) . Even in the laminated carbonate beds, the organic matter is highly degraded and mixed with terrestrial organic matter, as indicated by lower HI and higher OI values relative to other strata rich in marine OC, such as those of equivalent age at Site 367 (Fig. 5) . The bioturbated white limestones at Site 367 also contain mixed terrestrial and marine organic matter with a larger proportion of marine organic matter than their equivalent lithology at Site 603 (indicated by lighter values of δ 13 C and higher HI values; Figs. 5 and 7) . This organic matter also has been highly degraded (indicated by the high OI values; Fig. 5 ). The organic matter in the laminated black marlstones at Site 367 and homogeneous black claystones at Site 603 is most likely redeposited material from shallower sites of accumulation. This is indicated by the sharp basal contacts, homogeneous texture, and association with sand and silt beds at Site 603 (see Site 603 chapter, this volume). At Site 603, this organic matter is largely terrestrial, as indicated by low HI values (Fig. 5) , heavy δ 13 C values (Fig. 7) , very low concentrations of nitrogen and high C/N ratios (Fig. 10) , and low concentrations of sulfur and P 2 O 5 ( Fig. 11 ). This organic matter probably was derived from the same coastal wetlands of North America that produced extensive Cretaceous coal deposits (e.g., Beeson, 1984) . At Site 367, this organic matter is largely marine, derived from accumulations of phytoplankton debris in highly productive shelf and slope environments under strong upwelling conditions that existed along the coast of Northwest Africa in the Cretaceous just as they do today (Arthur and Natland, 1979; Tissot et al., 1980; Parrish and Curtis, 1982; Barron, 1985) .
Many other studies indicate that, in general, the supply of organic matter to the western basin of the North Atlantic throughout most of the Cretaceous was mainly terrestrial, along with some highly degraded marine organic matter (e.g., Tissot et al., 1979 Tissot et al., , 1980 Summerhayes 1981 Summerhayes , 1986 Herbin and Deroo, 1982; de Graciansky et al., 1982; Habib, 1983) . Previous studies also indicate that much of this organic matter may have been redeposited by turbidity currents from shallower environments (e.g., Habib, 1979 Habib, , 1983 Dean and Gardner, 1982; Summerhayes and Masran, 1983, Arthur, Dean, and . Most of organic matter in Cretaceous OC-rich strata in the eastern North Atlantic appears to have a similar origin, except in the region off central Northwest Africa, particularly in the Cape Verde Basin and Rise (Sites 367 and 368), where the organic matter was derived mainly from autochthonous marine sources throughout the Cretaceous (e.g., Tissot et al., 1979 Tissot et al., , 1980 Summerhayes, 1981; Herbin and Deroo, 1982; de Graciansky et al., 1982) . The organic geochemical results already presented here substantiate these previous studies. We suggest that the organic matter in the black li- thologies at these two sites (603 and 367) represents two different end-member sources for organic matter in Cretaceous proto-Atlantic Ocean. The origin of the laminations in the transitional marlstones and limestones at Site 603 is still somewhat puzzling. The association of the laminations with betterpreserved organic matter suggests that they may have resulted from lack of bioturbation in oxygen-depleted bottom-waters. And yet the laminations are not as thin as might be expected for deposition under anoxic bottom waters. We suggest that the lamination is currentinduced, and that the laminated-bioturbated cycles are due to fluctuations in bottom-current intensity. The laminated intervals therefore contain reworked terrigenous detritus mixed with normal pelagic material, and probably were deposited at somewhat higher rates than the bioturbated limestones. Such an origin would explain the higher concentrations and better preservation of organic matter in the laminated beds, because higher sedimentation rates tend to enhance the preservation of organic matter (e.g., Muller and Suess, 1979) . Jansa et al. (1979) concluded that the laminated Neocomian carbon- ates at Site 391 in the North American Basin may include fine-grained turbidites derived from the Blake Plateau, and that some of the laminations may be due to reworking by bottom currents that were intensified near the steep escarpment of the plateau. The graded coarse elastics within lithologic Unit V certainly indicate that turbidity-current deposition was important at Site 603. Tucholke and Mountain (1979) noted thickness variations in seismic reflection profiles of the Neocomian carbonates along the continental margin of North America, and attributed them to structures induced by contour currents. We believe that the high sedimentation rates, the sedimentary structures, and the content and preservation of organic matter are all consonant with a current-induced origin of the laminations. The inorganic geochemical results discussed in the next section lend further support to this hypothesis. Figure 12A shows the ranges and arithmetic mean concentrations of organic carbon, total sulfur, and total nitrogen, and the ranges and geometric mean concentrations of major-and minor-element oxides (in percent) on a carbonate-free basis, in samples of the three lithologic types at Site 603 and the two lithologic types at Site 367. Figure 12B shows the carbonate-free concentrations (in parts per million, ppm) of trace elements in the same samples. The most distinctive geochemical features are (1) the higher concentrations of organic carbon, sulfur, nitrogen, and P2O5 in the laminated carbonate beds at Site 603, relative to the other two lithologic types, particularly the black clay stones: (2) stones from Site 367; and (5) Higher concentrations of most trace elements in the transitional laminated limestones and marlstones, relative to both the black claystones and the bioturbated white limestones at Site 603.
Inorganic Geochemistry
There appears to be a distinct compositional difference between the detrital-clastic (noncarbonate) component in the black claystones and that in the laminated and bioturbated carbonate lithologies (Fig. 12A ). This is indicated by the markedly higher carbonate-free concentrations of A1 2 O 3 , K 2 O, and TiO 2 . These differences in composition of clastic fractions between lithologic types are clearer in Figure 13, Organic carbon (%, carbonate-free) Figure 10 . Plot of percent organic carbon versus percent total nitrogen on a carbonate-free basis for the three Neocomian lithologic types of Hole 603B. Symbol designations are the same as in Figure 4 .
ratios in the carbonate lithologies at Site 603 toward values similar to those in the white limestones at Site 367 may indicate a mixing of North American and African clastic sources in these pelagic carbonates. Alternatively, the compositional differences between the two sites may result from regional climatic differences, such as more arid conditions in Northwest Africa and more huTotal sulfur (%, carbonate-free) Figure 11 . Plot of percent total sulfur versus percent P 2 O 5 on a carbonate-free basis for the three Neocomian lithologic types of Hole 603 B. Symbol designations are the same as in Figure 4 .
mid conditions in eastern North America (e.g., Barron and Washington, 1982; Hallam, 1985) . We do not have mineralogical data for samples from Site 603 that might help explain the geochemical data, but reconnaissance mineralogical studies of Jurassic to Pleistocene samples from other Atlantic DSDP sites do (Table 5) .
provide some information (e.g., Chamley, 1979; Chamley and Debrabant, 1984a, b; Chamley et al , 1979 Chamley et al , , 1983 Chamley, 1982, Debrabant et al., 1984) . These studies have established that smectite is the dominant clay mineral in the clastic fraction of the Neocomian carbonates in the eastern and western basins of the North Atlantic, as well as in the Gulf of Mexico. Of particular significance is the low abundance of kaolinite a common clay mineral in many continental and shallow-water sequences of the same age. Chamley and Debrabant (1984a, b) ascribed these differences to preferential entrapment of kaolinite relative to smectite in marginal basins. Abundant illite was found only at Site 416 off Northwest Africa and Site 387 in the western North Atlantic. The abundance of illite (as well as mixed-layer clays and kaolinite) off Northwest Africa (Site 416) may reflect the uplift of the Atlas Mountains, beginning in the Jurassic. The abundance of illite at Site 387 and its low abundance at every other site in the western North Atlantic is difficult to explain. Chamley and Debrabant (1984a, b) suggested that the clastic fraction of the Neocomian carbonates at Site 387 was derived from an eastern North Atlantic source and transported by bottom currents. The low Na 2 O/K 2 O ratio of the Neocomian black marlstones at Site 367 also may be due to increase in the supply of illite to this site during wetter conditions that also resulted in greater decomposition of Nafeldspars in the source clastic debris. The clastic component of the black claystones of lithologic Unit V of Hole 603B can readily be distinguished from that of the carbonate lithologies on the basis of carbonate-free concentrations of several of the major-element oxides and their ratios, but these oxides do not separate the two carbonates lithologic types (laminated and bioturbated) as well as do some of the characteristics of the organic matter (e.g., OC, HI, and OI; Figs. 5 and 6). Figure 12B shows that there are also some fairly large differences between lithologic types based on carbonate-free concentrations of minor and trace elements, especially Mn, Pb, and some of the other transition ele- ments such as Cu, Cr, Ni, and Co. Plots of the concentrations of individual elements against one another show some separation of lithologic types, but again the separation is not so distinctive as that produced by the organic characteristics. Two such plots, MnO versus Pb and Ni versus Co, are shown as examples in Figure 14 . The plot of MnO versus Pb (Fig. 14A) shows two distinct trends, each with a positive correlation between MnO and Pb but with different slopes. These two trends may reflect subtle differences in source, carbonate diagenesis, or redox condition. The plot of Ni versus Co (Fig.  14B) shows a strong positive correlation between these two elements, and in fact most of the trace transition elements are correlated among each other. Minor-and trace-element concentrations generally are similar between Sites 603 and 367, even though there appears to be a distinct difference in the predominant source of organic matter at the two sites. Concentrations of V, Cu, and Ni tend to be somewhat higher in the black marlstones from Site 367, which contain more marine organic matter, but the only significant differences are in mean concentrations of Cu between black marlstones at Site 603 and those at Site 367, and in mean concentrations of Ni between white limestones and black marlstones at Site 367. The much higher concentrations of MnO in white limestones at both sites, relative to the black marlstones, probably result from substitution of reduced Mn for Ca in CaCO 3 during early diagenetic cementation.
Q-Mode Factor Analysis
To define the differences between lithologic types more objectively on the basis of the inorganic geochemical re- suits, we did a Q-mode factor analysis of all the Neocomian samples, using the extended CABFAC program described by Klovan and Miesch (1976) . Prior to the analysis, we transformed concentrations of all oxides and elements to proportions of the total range for each oxide or element. As a result of the transformation, all data were expressed on a scale of 0.0 to 1.0. This transformation prevents the variance of one or two elements that are present in large concentrations and that have large variances from dominating the results of the factor analysis. After trying several different sets of reference axes in multidimensional space, we ultimately chose four orthogonal reference axes that maximize the evidence of the transformed data in each of the four dimensions (varimax solution). This four-factor varimax solution explained 92% of the variance in the transformed data. In the fourfactor varimax model, the 22 observed compositional variables for each sample are reduced to four composite compositional variables (factor loadings), that are expressed on a scale of -1.0 to 1.0. Each factor expresses some compositional attribute of the rocks based on this synthesis of several measured compositional variables (elements). To determine which elements had the largest variance contributions to the composite compositional variables (factor loadings), the factor loadings were treated as composite chemical variables, and correlation coefficients were computed between the loadings and the 22 observed compositional variables (elements and oxides).
Results of this correlation analysis are given in Table 10 . The grouping of individual samples of Neocomian carbonates into one or more of the four Q-mode factors is compared with our subjective grouping into the three lithologic types in Table 9 . The Q-mode classification is entirely compatible with our lithologic classification, and aids in identifying the most important geochemical characteristics of each of the lithologic types. Factor 1 loadings correlate most highly with concentrations of Ti, K, and Al (Table 10) , and samples with high loadings for factor 1 are all homogeneous black claystones. We therefore interpret factor 1 as a composite "detrital clastic" chemical end member that characteristically has high concentrations of Al, K, and Ti, and is most important in the black claystones.
Factor 2 loadings correlate most highly with carbonate-free concentrations of Pb and Mn, and less highly with concentrations of P 2 O 5 and total S ( Table 10 ). The basis for the factor 2 grouping is clear in the plots of carbonate-free concentrations of sulfur versus P 2 O 5 ( Fig.  11) and MnO versus Pb (Fig. 14A) . That the samples with high loadings for factor 2 are mostly bioturbated white limestones and some laminated limestones (Table  9) suggests that Pb, Mn, and to a lesser extent P and S are associated with the carbonate fraction and not the clastic or organic fractions. We interpret factor 2 as composite "carbonate" chemical end member characterized by relatively high concentrations of Pb, Mn, P, and S. Factors 1 and 2 together explain 63% of the variance in the transformed (percent of range) data. A plot of loadings for factor 1 versus those for factor 2 is shown in Figure 15 . Like most other cross-plots, particularly of inorganic geochemical data, Q-mode factors 1 and 2 clearly separate the claystones from the two carbonate types, but do not produce a clear distinction among the carbonate lithologies.
Factor 3 loadings correlate most highly with the light rare-earth elements Ce, La, Y, and Nd, as well as Mg, Cu, Fe, P, and Li (Table 10 ). We first thought that the high concentrations of Mg, the rare-earth elements (REE), and possibly Cu and Fe in the carbonate lithologies, relative to the concentrations in the black claystones (Fig.  14) , might be the result of substitution for Ca in calcite, as discussed earlier for Mn. The REE are known to be concentrated in alkaline-earth minerals (e.g., calcite, strontianite, apatite, barite, etc.) where the trivalent REE ions occupy lattice positions of divalent ions (Goldschmidt, 1958; Goldberg et al., 1963; Guichard et al., 1979; Elderfield and Greaves, 1982) .
Correlation coefficients between amount of CaCO 3 and whole-rock concentrations of La, Ce, and Nd are -0.54, -0.44, and -0.23, respectively. Thus, CaCO 3 and the REE are negatively correlated, not positively correlated, as would be expected if the REE were substituting for Ca in calcite. Elder field et al. (1981) found that the main mineral phase controlling the concentrations of REE in surface sediments of the equatorial Pacific was phosphatic. Consequently, the high correlation between REE and P 2 O 5 in the Neocomian carbonates of Hole 603B may indicate the presence of a phosphatic mineral phase with high REE concentrations. Similarly, the negative correlation between concentrations of CaCO 3 and Mg (r = -0.97) and the positive correlation be-0.4 0.6 Factor 1 Figure 15 . Plot of Q-mode factor loadings for factor 1 and factor 2 for samples of the three Neocomian lithologic types of Hole 603B. Symbol designations are the same as in Figure 4 .
tween Mg and all three REE (e.g., Mg versus Ce, Fig.  16 ) suggest that the REE also may reside in a Mg-bearing mineral phase (e.g., dolomite?). Cerium can exist as both the trivalent Ce(III) ion and the tetravalent Ce(IV) ion, and is therefore sensitive to redox conditions (Goldberg et al., 1963; Piper, 1974; Elderfield and Greaves, 1982) . For example, deep-sea ferromanganese nodules usually have concentrations of Ce higher than those of either La or Nd (positive Ce anomaly; Goldberg et al., 1963; Piper, 1974; Addy, 1979; Elderfield et al., 1981) . Seawater, on the other hand, usually has a negative Ce anomaly (Goldberg et al., 1963; Elderfield and Greaves, 1982) . The positive Ce anomaly in nodules and negative Ce anomaly in seawater has been used as evidence that the REE in nodules precipitate from seawater (Piper, 1974; Addy, 1979; Elderfield et al., 1981) . In fact, Piper suggested that the negative Ce anomaly in seawater resulted from selective incorporation of Ce(IV) as CeO 2 along with MnO 2 in the nodules. Piper (1974) further suggested that variations in the Ce anomaly in ferromanganese nodules may result from variations in redox conditions in the sedimentary environment. Typical shale also has a positive Ce anomaly, and some investigators choose to normalize REE concentrations to average-shale REE concentrations in order to measure variations from the shale REE pattern in various sedimentary materials (Haskin and Haskin, 1966; Piper, 1974; Piper and Graef, 1974; Addy, 1979; Elderfield et al., 1981) . Because of the sensitivity of Ce to changes in redox conditions, we expected that the large differences in Ce concentration in the Neocomian carbonates in Hole 603B might be due to variations in redox conditions during early diagenesis, and that they might therefore provide a distinction between the bioturbated white limestones and laminated marlstones and limestones. The strong correlation between Ce and Mg (Fig. 16 ), on both a whole-rock and a carbonate-free basis, suggested that perhaps the oxidized form of Ce might be substituting for Mg in some mineral phase, because Ce(IV) has an ionic radius (0.8Å) close to that of Mg(II), whereas the ionic radius of the reduced form [Ce(III) = 1.07Å] is closer to that of Ca(II). But concentrations of the other light REE (La and Nd) also correlate with Mg concentrations, and there are no changes in the relative proportions (ratios) of the three REE that might suggest redox fractionation of Ce. Also, as can be seen from Figure  16 , no clear distinction between the carbonate lithologies can be drawn on the basis of concentrations of Mg and Ce. Further, the Mg and REE concentrations are not functions of either CaCO 3 or OC concentrations. All these observations indicate that there has been no redox fractionation to separate Ce from La and Nd, and there is no obvious difference in lithology between highand low-REE carbonates.
We are still left with the question of why some of the Neocomian carbonates from Hole 603B have high REE concentrations. To determine how distinctive these REE concentrations are, and whether they occur in other carbonate sequences, we examined many of our own data sets, as yet mostly unpublished. Some results of analyses of La, Ce, and Nd from these data sets are summa- rized in Table 11 . As already mentioned, modern seawater generally has a negative Ce anomaly, so any mineral phase that precipitates from seawater, such as CaCO 3 , should have a Ce concentration lower than the concentrations of La or Nd, and the concentrations of all REE should be low. Modern carbonate skeletal debris (e.g., foraminifers and pteropods) generally show these relationships (e.g., Turekian, et al., 1973; Piper and Graef, 1974; Elderfield et al., 1981) . Pelagic chalks from DSDP Site 585 in the western Pacific (Table 11 ) do have fairly low REE concentrations, and the Ce concentration generally is the lowest of the three light REE. However, in carbonate sediments from high-productivity upwelling areas off Southwest Africa (DSDP Holes 53OA, 53OB, and 532; Dean and Parduhn, 1984) , the Ce concentration generally is higher than the concentrations of La and Nd (Table 11) . REE concentrations in samples of Neocomian carbonates from other sites in the Atlantic usually are lower than those in the samples from Site 603, although for most samples from these other sites we have data only for Ce (Table 11) . Light-REE concen- trations in limestone-marlstone cycles in Cretaceous carbonates from the Western Interior Basin of the U.S. (Niobrara and Greenhorn limestones) also are fairly high (Table 11 ). In the Western Interior carbonates, as in the Neocomian at Site 603, the REE are positively associated with Mg and P. Some of the highest light-REE concentrations we found in our data sets were in cyclic interbeds of dolomitic limestone, marlstone, and black shale of Aptian/Albian age from Site 364 off Southwest Africa (Table 11) . Because of the association of REE and Mg in the samples from Site 603 and in the Cretaceous carbonates from the Western Interior, we thought that the REE in the samples from Site 364 might be the result of incorporation in the dolomitic beds. Concentrations of REE in the 364 samples are not correlated with concentrations of either Mg or P, however, but are highly correlated with concentrations of Mn and Sr-the exact opposite of the relationships in the 603 samples. From all the above considerations, we conclude that the high REE concentrations in the Neocomian carbonates of Hole 603B are somewhat unusual; but we have no clear idea why some laminated and bioturbated carbonates are enriched in REE (and Mg and P) and others are not, unless such patterns are related to variable hydrothermal influence, as we will suggest in a moment. Factor 4 loadings correlate most highly with the trace transition elements Co, Ni, Zn, V, and Cu (Table 9) . We are not sure of the residence of these elements. Initially, we thought that the trace transition elements might be associated with the more marine organic matter in the laminated carbonates, but, as indicated in Figure 12B , there is no systematic difference in the concentrations of Ni and Co between the bioturbated and laminated carbonates. Also, there is no correlation between the concentration of organic carbon and the concentration of any of the trace transition elements, as there commonly is in marine black shales (see "Characteristics of Organic Matter" in the next section).
When we consider the element associations grouped under factors 2, 3, and 4 together, we suspect that what the factor analysis is detecting is the influence of hydrogenous and (or) hydrothermal materials. If we were dealing with Pacific pelagic clay-rich strata, these associations probably would not be so subtle, but in the At-lantic, the gross characteristics of hydrogenous and hydrothermal material are masked by pelagic carbonate material and turbiditic detrital elastics. Concentrations of REE, Fe, Mn, P, Mg, Li, Zn, Ni, and Cu typically are enriched in metalliferous sediments accumulating at ridge crests in the Atlantic and Pacific (e.g., Heath and Dymond, 1977; Corliss et al., 1978; Shearme et al., 1983; Dymond et al., 1984; Boyle, 1981; Owen and Rea, 1985) . Mn, Co, Ni, and Cu are strongly fractionated into hydrogenous sediments (e.g., ferromanganese nicronodules), and other trace transition elements such as Zn and V usually are also enriched (e.g., Krauskopf, 1956; Calvert and Price, 1977; Heath and Dymond, 1977; Glasby et al., 1978; Li, 1982; Dymond et al., 1984) . Sediments in the Pacific with clear indications of hydrothermal and/ or hydrogenous chemical components accumulated slowly in oxic environments. The Neocomian sediments at Site 603, on the other hand, accumulated rapidly, and remobilization of many elements under anoxic diagenetic conditions may have severely modified the original hydrothermal and hydrogenous chemical signals.
As shown in Table 9 , factor 1 ("clastic" factor) is dominant in samples with <30% CaCO 3 . Factor 1 characteristics also are dominant in samples containing 30 to 70% CaCO 3 , but additional characteristics of factors 3 and 4 (the "rare-earth" and "transition-element" factors) are also present. Samples containing 70 to 80% CaCO 3 generally have highest factor loadings for factors 4 and 3, in that order. Samples with highest loadings on factor 2 also are among the samples that have the highest CaCO 3 contents (>80%), reflecting the fact that several laminated and bioturbated limestone samples contain high concentrations of Mn and Pb (Fig.  14A ) and of P and S (Fig. 11) .
The results of the Q-mode factor analysis generally support the subjective subdivision of the Neocomian carbonates in Hole 603B into two end members (types 1 and 2) and an intermediate lithology (type 3). The homogenous black calcareous claystones (type 2) are clearly distinct from the carbonate lithologies on the basis of geochemical characteristics of the clastic fraction, as well as on the basis of geochemical characteristics of the organic matter. There is considerable overlap, however, in the carbonate-free inorganic geochemical characteristics of the bioturbated limestones (type 1) and the intermediate laminated marlstones and limestones (type 3). The "smearing out" of geochemical characteristics of the carbonate lithologies appears to be the result of varying degrees of mixing of weathered clastic material from eastern North America (characterized by low sodium and aluminum) and less weathered clastic material from Northwest Africa (characterized by high sodium and aluminum). The best separation of the three lithologic types is based on organic geochemical characteristics which express conditions of variable source and degree of preservation of the organic matter. The organic matter in the black claystones is low in nitrogen, hydrogen, and phosphorus, and is primarily of terrestrial origin. The carbonate lithologies contain more marine organic matter, as indicated by higher concentrations of hydrogen (higher H-index) and lighter δ 13 C values. Geochemically, the main distinction between the bioturbated and laminated carbonates (types 1 and 3) is the better degree of preservation of the organic matter in the laminated marlstones and limestones.
Lithologic Unit IV-Carbonaceous Claystones
The end of deposition of the Neocomian carbonates apparently was caused by a sudden rise in the CCD (Thierstein, 1979; Arthur and Dean, 1986) , and the remainder of the section through the Eocene in the North Atlantic, at paleodepths below about 3000 m, is dominated by multicolored clay-rich lithologies. At most sites in the North Atlantic, the Neocomian carbonates are overlain by the so-called mid-Cretaceous (Aptian-Albian to Turonian) black-shale facies, but at some sites the two are separated by a thin (< 10 m) unit of Aptian to lower Albian interbedded red and green claystone Dean and Gardner, 1982; Arthur and Dean, 1986 ). An oxidized unit of the same age also occurs in sequences from the Tethyan region (Arthur and Primoli Silva, 1982) . This red and green unit correspond to lithologic Unit IVD in Hole 603B (1204. .72 m; Fig. 2 ; Site 603 chapter, this volume).
Characteristics of Organic Matter
The mid-Cretaceous black-shale facies contains the highest concentrations of OC measured in North Atlantic sedimentary sequences, and at most DSDP sites it consists of interbedded green and black clay-rich lithologies (see reviews by Arthur, 1979a; Tucholke and Vogt, 1979; Thierstein, 1979; Tissot et al., 1979 Tissot et al., , 1980 Weissert, 1982; Dean and Gardner, 1982; Arthur, Dean, and Stow, 1984; Arthur and Dean, 1986) . True black shale or claystone amounts to less than half of the black-shale facies. This unit has been named the Hatteras Formation by Jansa et al. (1979) , and was recovered at DSDP Sites 138, 144, 367, 368, 370, 386, 387, 391, 398, 400, 402, 415, 417, 418, 534 , and 603 in the North Atlantic. Concentrations of OC in the black shales range from less than \.O°7o to 37%; concentrations of OC generally are higher in black shales and claystones from the eastern North Atlantic than in those from the western North Atlantic (see reviews by Tissot et al., 1979 Tissot et al., , 1980 Summerhayes, 1981 Summerhayes, , 1986 de Graciansky et al., 1982; Herbin and Deroo, 1982; Arthur and Dean, 1986) . Highest concentrations of OC (usually >34%) occur in the Turonian section at Site 367 in the Cape Verde Basin off Northwest Africa . We recently measured OC concentrations of up to 52% in samples from this same section at Site 367. Table 8 shows that the OC concentrations in black claystones from Hole 603B are at least 10 times those in interbedded green and red claystones. The average concentration of OC in the black claystones (-3%), however, is low relative to most mid-Cretaceous black shales in the Atlantic, particularly those in the southeastern North Atlantic .
The differences between type of organic matter in the black and green claystones are emphasized in a "Van Krevelen-type" plot of HI versus OI (Fig. 17) . The black claystones have a very narrow range of OI values but a large range of HI values roughly proportional to the OC content. The positive correlation between percent OC and Rock-Eval HI for the black claystones (Fig. 18) implies that organic matter added to a background of 1 to 2% OC was more hydrogen-rich and/or better preserved, a relationship similar to that observed between OC and HI in all samples of Neocomian carbonates (Fig. 6) . The green claystones are unusual, however, because all samples contain less than 1.0% OC (and most are <0.3%); but the range of values of HI is as great as that for black claystones (Fig. 17) . The green claystones also have a large range of OI values. The large range of OI values and low concentrations of OC in the green claystones suggest considerable variation in degree of oxidation of organic matter in the green claystones, but the relatively high values of HI in many samples show that the hydrogen richness of the organic matter is preserved. The black claystones show the more normal relationship, in which the more OC-rich beds contain better-preserved organic matter and hence low OI values and high HI values. As discussed earlier for the Neocomian carbonates, several other indices of source and degree of preservation of organic matter are suggested by positive correlations between weight percent OC and weight percentages of P 2 O 5 , total nitrogen, and total sulfur. These relationships are shown for the black claystones of Hthologic Unit IV in Figure 19 . Concentrations of P 2 O 5 in both green and black claystones (Fig. 19A ) are about the same as those in the Neocomian calcareous black claystones (Fig. 11) . From Figures 11 and 19A , we suggest that a P 2 O 5 concentration of about 0.1% is a representative average value for inorganic clastic material deposited at Site 603. Carbonate-free concentrations of P 2 O 5 in Neocomian limestones and marlstones are all >0.2% (Fig.  11) , and probably represent phosphorus transported to the bottom with calcareous biogenic debris. Average OC/ P 2 O 5 ratios for black and green claystones are 21 and 3, respectively. The greater abundance of P 2 O 5 , relative to OC, in the green claystones (lower OC/P 2 O 5 ratio) might indicate better initial preservation of some of the organic matter in these samples, although samples with the biggest HI values do not have the highest P 2 O 5 values (Tables 3 and 4) . Alternatively, the higher P 2 O 5 concentrations and OC/P 2 O 5 ratios in the green claystones could be due to a greater hydrothermal chemical input to the pelagic green clay, as previously reasoned for the Neocomian pelagic carbonates. Figure 19B shows that concentrations of OC and total nitrogen (T-N) are highly correlated. The average C/N ratio in the black claystones is 25, with little variation, and is about the same as the C/N ratio of organic matter in all Neocomian lithologies (Fig. 10) . The high C/N ratio suggests that the organic matter in the black claystones from Unit IV, like that in the black claystones from Unit V, is mainly of terrestrial origin, and probably was also redeposited by turbidity currents from shallower sites of accumulation. The average C/N ratio in the green claystones is 12. This lower C/N ratio, together with low C/P ratios and relatively high HI values, suggests that the organic matter in the green claystones is more marine and/or better preserved.
The concentration of OC also is correlated with the concentration of total sulfur (T-S) (Fig. 19C) . The OC/ T-S weight ratio in modern sediments with anoxic pore waters (but not deposited in an anoxic water column) is about 2.5 (dashed line in Fig. 19C ) (Goldhaber and Kaplan, 1974; Berner, 1984; Berner and Raiswell, 1984) . Ar- versus percent total sulfur in samples of green and black claystones from lithologic Unit IV, Hole 603B. Symbol designations are the same as in Figure 18 .
thur, Dean, and Stow (1984) and Dean, Arthur, and Stow (1984) concluded that an OC/T-S ratio of about 2.5 also was an approximate average value for Cretaceous OCrich strata from Atlantic DSDP sites. Leventhal (1983) concluded, on the basis of OC/T-S ratios in Black Sea sediments, that sediments with OC/T-S ratios less than about 2.5, and with a positive intercept on the S-axis of a C-S plot, were deposited in an anoxic water column. Dean, Claypool, and Thiede (1984) found that OC/T-S ratios in OC-rich middle Cretaceous strata from several sites in the western Pacific were variable from site to site, although samples from each site all showed good linear correlations between OC and T-S. They attributed this variability in OC/T-S ratio to differences in the amount of available iron and rates of diffusion of sulfur in the sediments. Kendrick (1979) measured concentrations of T-S of up to 4.3% in OC-rich strata from Sites 386 and 387 in the North Atlantic. He interpreted such high T-S concentrations as evidence of deposition and preservation of organic matter under anoxic conditions at or slightly above the seafloor. The relatively low concentrations of T-S in the black claystones of lithologic Unit IV in Hole 603B, the OC/T-S ratio close to 2.5, and the zero intercept on a C-S plot (Fig. 19C ) all suggest deposition in an oxygenated water column. Figure 19D shows that there is no correlation between the concentrations of Fe 2 O 3 and total S (correlation coefficients = -0.26 and + 0.24 for black and green claystones, respectively). Both green and black claystones, however, are considerably enriched in Fe 2 O 3 relative to what would be expected if most of the sulfur was in pyrite (S = 1.15Fe), indicating that pyrite formation in these claystones was not iron-limited. Instead, pyrite formation in these strata during early diagenesis probably was limited by the lack of lipid-rich, reactive, marine organic matter. The weak positive correlation between T-S and Fe 2 O 3 in the green claystones, but not in the black claystones, may reflect the greater proportion of marine and/or better-preserved organic matter in the green claystones.
Additional information on the sources of organic matter in the green and black claystones of lithologic Unit IV can be obtained from the carbon isotopic composition. The values of δ 13 C in the Neocomian strata at Site 603, particularly compared with those in the Neocomian carbonates at Site 367, suggest that terrestrial organic matter derived from coastal environments of North America had δ 13 C values in the range of -24 to -25%o, in contrast to values of -27 to -29%o in marine organic matter derived from high-productivity upwelling areas off Northwest Africa (Fig. 7) . Values of δ 13 C in the black and green claystones of lithologic Unit IV have about the same range (Figs. 9 and 20) as those in the Neocomian strata, and in general the black lithologies are more depleted in 13 C (more negative values of δ 13 C) than the green lithologies. Figure 20 shows considerable scatter in the data, but two possible trends are suggested. One is indicated by most of the green claystones, which have little variation in δ 13 C (between -25 and -26%o) but considerable variation in HI. We interpret this trend as an oxidation-degradation trend, in which a mixture of terrestrial and marine organic matter in fairly constant proportions (as suggested by the small variation in δ 13 C) has undergone variable degrees of oxidation (as suggested by the considerable variation in HI). However, the heavier δ 13 C values (-24 to -25%o) probably represent primarily refractory terrestrial organic matter. The second trend is indicated by most of the black claystones and those green claystones with HI values < 100. We interpret this trend to be a source trend, in which all the organic matter is oxidized (low HI values) but the source signal is still preserved in the values of δ 13 C and, to a lesser degree, in the values of HI. The samples in the second (source) trend that contain more marine organic matter have higher values of HI and more negative values of δ 13 C (about -27% 0 ). One major outlier (HI = 390, δ 13 C = -24.3 in Fig. 20 ) has a high HI but heavier δ 13 C than almost any value in the data set. This sample occurs near the Cenomanian/Turonian boundary and probably reflects a worldwide positive excursion in δ 13 C of marine organic matter (Pratt and Threlkeld, 1984; Pratt, 1985 ; see discussion later in this section).
The data displayed in Figures 17 to 20 all seem to suggest that the organic matter in the black claystones is more abundant (higher OC concentrations) but generally more degraded (lower HI values) than organic matter in the green claystones, and that it was mainly terrestrial, mixed with some marine organic matter and deposited in well-oxygenated bottom waters. In most OC-rich sequences there is a positive correlation between OC concentration and HI (e.g., Dean et al., 1986) , and in sequences with interbedded green and black claystones the green beds generally have lower HI and OC values. For example, in a detailed study of interbedded green and black claystones at Site 530 in the Angola Basin, Deroo et al. (1984) found that the black claystones had higher values of OC and HI, and in fact the highest values of both OC and HI occurred in the centers of black claystone beds. The generally higher HI values in the green claystones of Hole 603B are therefore somewhat puzzling. An examination of stratigraphic variations in interbedding of red, green, and black claystones of lithologic Unit IV, and in several organic geochemical parameters, may shed some light on this problem.
The highest values of HI (>35O) in either black or green claystones occur in those samples from the Cenomanian part of the section (Fig. 9) . Black claystone beds also are most abundant in the Cenomanian part of the section ( Fig. 2 ; Site 603 chapter, this volume), reaching a maximum at the Cenomanian/Turonian (C/T) boundary (Core 603B-34); the rest of lithologic Unit IV consists mainly of interbedded red and green claystones. The so-called oceanic anoxic event (OAE; Schlanger and Jenkyns, 1976 ) at the C/T boundary is widely recognized as a period of rapid accumulation and burial of OC-rich strata worldwide, in response to increased marine productivity Schlanger et al., 1986) . This brief but widespread period of OC-enrichment may have been due to a sudden burst of productivity, resulting from more rapid deep-water turnover rates as the deep-water connection opened between the North and South Atlantic oceans Summerhayes, 1981) . Or it may have been due to greater production of warm, saline deep water as the result of the late Cenomanian to early Turonian global transgression . We would expect, therefore, that the proportion of marine organic matter at Site 603 (or at any other location worldwide) should increase somewhere within the Cenomanian part of the section, and that the maximum proportion of marine organic matter should occur near the C/T boundary. For example, off Northwest Africa, highest values of OC and HI occur in the lower Turonian section at Site 367 and near the C/T boundary at Site 368 . At Site 530 off Southwest Africa the mid-Cretaceous stratigraphic sequence is similar to that at Site 603, in that the dominant lithologies are red and green claystones with minor black claystone, except near the C/T boundary , where black beds make up about 50% of the section. The black beds near the C/T boundary at Site 530 generally contain the highest values of OC and HI (Deroo et al., 1984) .
The increase in numbers of black claystone beds through the Cenomanian at Site 603 (Fig. 2) may be the result of increasing accumulation of marine organic matter in an expanded and intensified oxygen-minimum zone along the continental margin of North America. If this is true, then the abundance of black beds can, as a first approximation, be taken as a measure of the relative proportion of marine organic matter in the redeposited black claystone beds. According to this model, the HI of organic matter in the black claystone beds should reach a maximum near the C/T boundary. Results of detailed Rock-Eval pyrolysis analyses of samples of black shale beds at the C/T boundary at Sites 105 and 603 show that values of both OC and HI increase markedly just below the C/T boundary (Herbin et al., this volume) . Similarly, values of δ 13 C should be lightest (most negative) near the C/T boundary. Figure 9 shows that samples with high values of HI and more negative values of δ 13 C occur in the Cenomanian section. The one exception to this is our only sample from Core 603B-34, closest to the C/T boundary, which has the highest HI value (390) of any of our black claystone samples but the heaviest value of δ 13 C Figs. 9 and 20) . This heavy δ 13 C value can be explained, as stated earlier, by secular variations in the isotopic composition of the global oceanic carbon pool across the C/T boundary. Rapid burial of marine organic matter in response to the C/T marine productivity event removed isotopically light organic carbon at a rate sufficiently high to produce a major increase in δ 13 C of the marine carbonate-carbon reservoir (Scholle and Arthur, 1980; Arthur, Dean, and Schlanger, 1985; Schlanger et al., 1986) , and there is evidence that this secular trend also caused an increase in the δ 13 C of marine OC by as much as 3.5 to 4.O%o (Pratt and Threlkeld, 1984; Pratt, 1985) . If we subtract 3.5% 0 from the δ 13 C value of our Core 603B-34 sample, this new value (-27.8) becomes our lightest and therefore most marine.
Inorganic Geochemistry
Enrichment of certain trace elements-especially the trace transition elements Cu, Zn, Mo, V, Ni, and Cr-in OC-rich sediments and rocks is well known (e.g., Tourtelot, 1964; Wedpohl, 1964; Brongersma-Sanders, 1965; Calvert and Price, 1970; Volkov and Fomina, 1974; Chester et al., 1978; Brongersma-Sanders et al., 1980; Brumsack, 1980; Dean and Gardner, 1982; Dean and Parduhn, 1984) . The association of high trace-element concentrations with organic matter may be the result of concentration of these elements by organisms, by chemical sorption and precipitation with organic detritus, clays, etc. falling through the water column, or by formation of sulfides under anoxic conditions created by a flux of excess organic matter. Marine plankton are known to concentrate trace elements, especially Ba, Pb, Ni, Cu, Zn, Mn, and Fe (e.g., Vinogradov, 1953; Goldberg, 1957; Boyle and Lynch, 1968; Knauer and Martin, 1973; Martin and Knauer, 1973; Boström et al., 1974; Chester et al., 1978; Moore and Boström, 1978; Leinen and Stakes, 1979; Collier and Edmond, 1984) , and this suggests that concentration by organisms is a potentially important mechanism for incorporation of certain trace elements in OC-rich marine sediments. Studies on the factors controlling the enrichment of V and Ni in OC-rich strata (Lewan and Maynard, 1982) showed that high concentrations (> 100 ppm in bitumen) of these two elements are observed only in bitumens associated with H-rich kerogen (type II and type I kerogens of Tissot and Welte, 1978) and under conditions of rapid burial of the organic matter.
The great effectiveness of adsorption of trace elements by clays and, most important, by organic matter, and coprecipitation of trace metals, particularly as sulfide minerals, suggest that these processes also may play an important role in the removal of trace elements from seawater (e.g., Tourtelot, 1964; Brewer and Spencer, 1974; Volkov and Fomina, 1974; Holland, 1979; Balistrieri et al., 1981; Balistrieri and Murray, 1984; Jacobs et al., 1985) . For example, Jacobs et al. (1985) clearly demonstrated the removal of a number of transitional metals, especially Zn, Cd, Cu, Co, Mo, and Pb, from the water of an anoxic fjord in Norway by metal sulfide precipitation just below the O 2 /H 2 S interface. As a result, the sediment in this fjord is enriched in these metals. Bralower and Thierstein (1986) found that mid-Cretaceous OCrich strata have higher transition-metal accumulation rates than do Holocene sediments, where accumulation rates are dominated by the supply of detrital and organic materials. They concluded that the high accumulation rates of transition metals in Cretaceous strata have no clear modern analogues, but precipitation of transition-metal sulfides in euxinic basins may have been important. Holland (1984) , on the other hand, suggested that scavenging from seawater alone can account for most enrichments of metals in Precambrian and Phanerozoic carbonaceous shales.
Summary statistics for concentrations of major, minor, and trace elements in black, green, and red claystones from lithologic Unit IV of Hole 603B are given in Table 7 , and the ranges and geometric mean concentration are plotted in Figure 21 . We used geometric means in Table 7 and Figure 21 because the concentrations of most trace and minor elements tend to approximate a log-normal distribution more closely than a normal distribution, and we therefore believe that a geometric mean is a better measure of central tendency for most elements than an arithmetic mean. In addition, the combination of the geometric mean (GM) and geometric deviation (GD) provides an easy method of determining the expected ranges of elemental composition. For example, concentrations of a particular element in about two-thirds of randomly selected samples are expected to fall within the range defined as GM/GD to GM × GD, and concentrations in about 95% of the samples are expected to fall within the range defined as GM/(GD) 2 to GM × (GD) 2 . In Figure 21A we have also plotted the ranges and arithmetic mean concentrations of OC, T-S, and T-N from Table 8 . Trace-element concentration (ppm) 10 100 1000 10,000 0.0017c 1.0% Figure 21 . Comparison of concentrations of (A) major elements and oxides and (B) trace elements in samples of red, green, and black claystones from lithologic Unit IV, Hole 603B. Bars indicate the total observed ranges of element or oxide concentration; symbols are plotted on the geometric or arithmetic mean concentration for each element or oxide (Tables 7 and 8 ).
To compare element concentrations in the claystone samples from Site 603 with those in other clay-rich marine sequences, we compiled average compositions of clays and claystones from many different sources (Table 12) . Because most of the average values in this compilation were arithmetic means, the averages for the Site 603 samples shown in Table 12 are arithmetic means, and therefore are somewhat higher than the geometric means given in Table 7 . To facilitate comparison of concentrations of some of the transition trace elements commonly reported as being high in OC-rich sediments and rocks, we plotted in Figure 22 the mean concentration of Cu, Co, Ni, Cr, V, and Zn in selected sample sets of clays and claystones as histograms. For purposes of comparison, the most important averages in Table 12 and Figure 22 are those for average black shales and "metal-rich" black shale. Two average black shales are shown. First is the average black shale of Vine and Tourtelot (1969, 1970) , in which concentrations are given as the median of medians of concentrations in 20 sets of black shale samples. The second is average upper Devonian black shale, in which concentrations are given as the arithmetic means of concentrations in up to 400 samples, as reported by Leventhal and colleagues (Leventhal, 1980; Leventhal et al., 1981 Leventhal et al., , 1984 Leventhal and Hosterman, 1982) . The concentration of each element considered by Vine and Tourtelot (1970) as the lower limit of metal-rich black shales also is shown in Figure 22 . This value is the 90th percentile of concentrations in black-shale samples from their 20 data sets.
Black shales from Site 603 are enriched in many elements with respect to average continental crust, average nonblack shale, and average deep-sea clays, but are not particularly enriched in any element relative to other black shales (Table 12 , Fig. 22 ). On the basis of our own analyses, published and unpublished, of over 500 samples of OC-rich mid-Cretaceous rocks from the North and South Atlantic, and other analyses available in the literature, the most metal-rich OC-rich rocks are black shales from Site 530 in the Angola Basin (Dean and Parduhn, 1984) and Sites 367 and 368 off Northwest Africa (Dean and Arthur, unpublished data) . The organic matter in the black shales from Sites 367 and 368 off Northwest Africa is, in general, the most hydrogen-rich organic matter of any in black shales in the North Atlantic. Table 12 and Figure 22 show that even for these three sites the black shales are enriched in only a few elements, if we use the 90th-percentile limits of the Vine and Tourtelot (1970) data sets to define metal enrichment.
Because the black shales from Sites 367 and 368 are among the most metal-enriched, and are also the richest in amount of organic matter and the hydrogen content of that organic matter; because Lewan and Maynard (1982) found that metals, especially V and Ni, are en- Table 13 ; they show that in general there are few significant correlations between trace-element concentrations and OC, although there are significant correlations among the trace elements. Concentrations of V and Zn do correlate well with OC concentration. Scatter plots of ppm V versus HI, ppm V versus percent OC, and ppm Zn versus percent OC are given in Figure 23 . These plots show that a few samples with HI values greater than about 150 and OC concentrations greater than about 3.5% have concentrations of V and Zn that would be warrant terming them metal-rich according to the 90th-percentile limits of Vine and Tourtelot (1970; Fig. 22) . In other words, those samples of black claystone from the upper Cenomanian part of the section that contain the most well-preserved marine organic matter also are the most metal-rich. Holland (1984) concluded that enrichment of trace elements in carbonaceous shales was roughly proportional to the OC content. Eugster (1985) , on the other hand, pointed out that a high OC concentration does not necessarily imply a high concentration of trace elements. Figure 23 shows that, for the black and green claystones of lithologic Unit IV in Hole 603B, there is not a particularly good correlation between metal enrichment and OC content. For many other examples of OC-rich strata we have found the following relationships: (1) the most OC-rich beds usually tend to be enriched in several trace transition elements; (2) different trace elements may be enriched in different deposits; and (3) 12. Average mid-Cretaceous green claystone, lithologic Unit IV, DSDP Site 603, North American Basin (this chapter). 13. Average mid-Cretaceous red claystone, lithologic Unit IV, DSDP Site 603, North American Basin (this chapter). 14. Average mid-Cretaceous black claystone, Angola Basin (Dean and Parduhn, 1984) . 15. Average mid-Cretaceous green claystone, Angola Basin (Dean and Parduhn, 1984) . 16. Average mid-Cretaceous red claystone, Angola Basin (Dean and Parduhn, 1984) . 17. Average mid-Cretaceous black shale, Cape Verde Basin, DSDP Hole 367, Cores 18-22 (Dean and Arthur, unpublished data . 20. Average Upper Cretaceous red claystone, Cape Verde Basin, DSDP Hole 367, Cores 15 and 16 . 21. Average mid-Cretaceous green claystone, Cape Verde Basin, DSDP Hole 367, Cores 17 and 19 . 22. Average mid-Cretaceous black shale, Cape Verde Basin, DSDP Hole 367, Cores 17 and 19 and Ni are highly correlated with OC content (up to 4.4%), but the element concentrations are mostly < 100 ppm. In black shales from DSDP Site 530 in the Angola Basin, the concentrations of Zn, V, and Ni also are highly correlated with OC content (up to 5%), but concentrations of these elements usually are several hundred parts per million, and concentrations of V and Zn commonly are > 1000 ppm (Dean and Parduhn, 1984) . We have found that Zn, V, and Ni are the three trace transition elements most commonly enriched in black shales, but other elements also may be enriched, and different elements are enriched in different deposits. Consequently, the concentrations of trace elements are not simply related to either amount of organic matter (percent OC) or type of organic matter (e.g., HI).
In addition to concentrations of V and Zn being somewhat higher in the black claystones than in the red and green claystones, Figure 21 shows some other differences in element concentrations between red, green, and black claystones in lithologic Unit IV. Concentrations of Cr, Cu, Co, Mo, and Pb, are higher in both green and black claystones than in red claystones. All of these elevated concentrations of trace transition elements undoubtedly are related to the formation of metal sulfides during suboxic or anoxic early diagenesis within both green and black lithologies.
Another consequence of reduction in the green and black lithologies is the much lower concentrations of Mn and Fe in these two lithologies than in the red claystones (Fig. 21A) . Redox separation of Mn is well known in both ancient and Holocene sedimentary sequences (e.g., Lynn and Bonatti, 1965; Li et al., 1969; Bender, 1971; Froelich et al., 1979; Gardner et al., 1982; Dean and Parduhn, 1984) . This is because Mn, once reduced to Mn(II) in anoxic pore waters, diffuses out of the sediments and does not usually form divalent compounds. The exception to this is the formation of rhodochrosite (MnC0 3 ) if the concentration of carbonate is sufficiently high (Suess, 1979; Pederson and Price, 1982) . Iron, on there other hand, is more conservative, being preserved as ferric oxides, hydroxides, and other Fe(IV) compounds in oxidized sediments, and forming ferrous sul- (Table  3) . 105MCC: Upper Cretaceous multicolored claystones from Site 105 . V26-157: average of seven analyses of abyssal red clay from Lamont-Doherty core V26-157 from the Hatteras Abyssal Plain (Table  12 ). Avg. deep-sea clay: average deep-sea clay, carbonate-free (Chester and Aston, 1976 ; Table 12 ). Avg. crust: average upper continental crust (Wedepohl, 1971 ; Table 12 ). Avg. shale: average shale (Turekian, 1972) . Avg. black shale: lower bar (black) is the median of medians of 20 data sets of analyses of black shale samples (Vine and Tourtelot, 1970) ; upper bar (white) is the 90th percentile of the Vine and Tourtelot (1970) samples, a value they consider as the lower limit of metal-rich black shales; point marked *L is the arithmetic mean concentration in up to 400 samples of upper Devonian black shales from the Appalachian Basin, reported by Leventhal and colleagues Leventhal et al., 1981 Leventhal et al., , 1984 Leventhal and Hosterman, 1982) . Black Shales 603, 530, 367, 368: average concentrations in mid-Cretaceous black shales from DSDP Sites 603 (Table 12) , 530 (Dean and Parduhn, 1984) , 367 (Table 12) , and 368 (Table 12) . 603, green, red: average concentrations of green and red claystones from lithologic Unit IV, Hole 603B (Table 12) . 530, green, red: average concentrations in mid-Cretaceous green and red claystones from Hole 530A (Dean and Parduhn, 1984 ; Table 12 ). 367, green, red: average concentrations in mid-Cretaceous green and red claystones from Hole 367 ; Table 12 ). fides and (or) carbonates when reduced to Fe(II) in suboxic or anoxic pore waters. The important feature of trace metal concentrations in the black claystones of Hole 603B is that concentrations of most of the redox-sensitive transition metals (V, Zn, Ni, Cu, and Cr) are lower than in other Atlantic black claystone or shale sequences that we have analyzed (Fig. 22, Table 12 ).
Q-Mode Factor Analysis
We used Q-mode factor analysis to determine if there were any other significant geochemical differences among the claystones of lithologic Unit IV. After experimenting with several different numbers and orientations of factor axes, we chose a 4-factor,-orthogonal (varimax) factor model that explained 93% of the variance in the data after they were normalized to percent of range for each element or oxide. Table 14 lists the correlations between the input chemical variables (percent or ppm oxide or element) and the four composite chemical variables computed by the Q-mode (factor loadings). Factors 1 and 2 are negative and positive organic factors, respectively. Factor 1 expresses a weak negative association between the organic variables (OC, T-S, and T-N) and several terrigenous clastic variables (Y, Ti, and K). Factor 2 expresses the strong correlation among the organic variables (Table 13 ; Fig. 19 ) and weak positive associations We expected that most factor 1 samples would be red claystone and most factor 2 samples would be black claystone, with some number of green claystone samples in both factors as intermediate types. Table 15 shows that all red claystone samples do have high loadings for factor 1, but many samples of green and black claystone al- -1, 118-119 36-1, 121-122 36-3, 8-11 36-3, 13-16 36-3, 17-19 36-3, 21-23 36-3, 27-29 36-3, 35-37 36-3, 49-50 36-3, 57-59 36-3, 70- so have high loadings for factor 1. All samples having high loadings for factor 2 are black claystones, but only 11 of the 20 samples visually classified as black claystone have the geochemical characteristics of black claystone as defined by factor 2 in the Q-mode model. Most of these 11 samples are from the Cenomanian interval that has a larger contribution of pelagic marine organic matter (Table 15) . Factor 3 is another terrigenous clastic factor, and groups those claystone samples, regardless of color, that contain relatively high concentrations of Al, Ti, Sc, Li, and Ga and low concentrations of Ca, Na, and Sr. The combination of factors 1 and 3 defines compositional characteristics of clastic material in Unit IV samples that are similar to compositional characteristics of clastic material in Unit V factor 1 samples also having relatively high concentrations of Ti, K, and Al. Factor 4 claystone samples from Unit IV have relatively high concentrations of Mg, Na, Ca, and Ce, and in this regard have compositional characteristics similar to those of the highMg and -REE samples of Neocomian carbonates from Unit V.
Our interpretation of the geochemical analyses of claystone samples from lithologic Unit IV, and the objective groupings produced by Q-mode factor analysis of these geochemical results, indicate that there are no clear-cut distinctions between the different-colored lithologies. We may be seeing the results of mixing of clastic material derived from two different sources (North America and Northwest Africa), together with minor amounts of hydrogenous and hydrothermal material, just as we inferred for the clastic material in the Neocomian carbonates. For example, Table 12 shows that the red, green, and black claystones from Site 367 off Northwest Africa have, on average, lower concentrations of Na and Mg than the red, green, and black claystones of lithologic Unit IV in Hole 603B. Therefore, those samples of Site 603 claystones with low loadings for factor 4 and high loadings for factor 3 may reflect a greater influx of eolian clastic material from an African source.
Another significant variable is the relative proportion of material redeposited from shallower sites of accumulation. The black claystone beds probably contain the highest proportion of redeposited terrigenous organic and inorganic material. The black beds with the most organic characteristics (factor 2 samples) also contain the highest amounts of carbonate, which would also reflect a shallow-water source.
Lithologic Unit III-Multicolored Claystones
At most DSDP sites in the North Atlantic, the midCretaceous black-shale unit is overlain by a unit of upper Cretaceous to lower Tertiary interbedded green and red clay that corresponds to lithologic Unit III at Site 603. This unit was called the Plantagenet Formation by Jansa et al. (1979) , who interpreted the claystones of this unit as having been deposited in an oxygenated, pelagic deep-sea environment similar to the environments presently accumulating pelagic clays in the deep basins of the Pacific and Atlantic oceans. At Site 105 in the North American Basin, just to the southeast of Site 603, the multicolored claystones of the Plantagenet Formation were found by Lancelot et al. (1972) to be enriched in several trace transition elements, especially Mn, Zn, Cu, Pb, Cr, Ni, and V. Lancelot et al. suggested that this metal enrichment was from volcanic exhalations, and that these claystones were therefore analogous metal-enriched sediments associated with Red Sea hydrothermal brine deposits, or to metal-enriched basal sediments overlying basement along the East Pacific Rise. Figure 24 is a comparison of concentrations of Zn, Cu, Cr, Ni, and V in Upper Cretaceous multicolored claystones (MCCs) from western North Atlantic Sites 105, 386, and 603 and in hot-brine deposits from the Red Sea. Figure 24 shows that, relative to the Red Sea deposits, the MCCs are enriched in Cr, Ni, and V, whereas the Red sea deposits are more enriched in Zn and Cu. Note that the enrichment of transition metals at Site 105 generally is greater (in terms of number of samples at a given concentration) than at Site 603, in keeping with the somewhat higher concentrations of OC in the black shales at Site 105 (e.g., Arthur and Dean, 1986) .
Comparisons with other claystones and clays from different environments (Table 12 ; Fig. 22 ) provides an even better perspective of metal enrichment in the MCCs. If the MCCs did accumulate in an oxygenated environment equivalent to present deep-sea red-clay environments, then perhaps the best comparison is between the composition of the MCCs and red clay at the top of Lamont-Doherty core V26-157 from the Hatteras Abyssal Plain (Fig. 1) . The average oxide and element concentrations in this sample, given in Table 12 and Figure 22 , are the arithmetic mean concentrations from seven analyses of the same sample by the analytical laboratories of the U.S.G.S. over a period of about three years; one of these seven analyses was done at the same time as the analyses of the shipboard samples from Site 603. Figure 22 shows that the MCCs from Sites 105 and 603 are enriched in Ni and Cr relative to most deep-sea clays, and that the MCCs from Site 603 are enriched in Co. The MCCs are considerably enriched in Cu and Ni compared with the V26-157 red clay, but not compared with the average deep-sea clay of Chester and Aston (1976) , although we suspect that their average deep-sea clay contains a disproportionately large number of samples of red clay from the central North Pacific, which tend to be enriched in several trace transition elements, especially Cu, Ni, and Co (compare, e.g., the Chester and Aston [1976] average deep-sea clay with the average Pacific pelagic clay of Bischoff et al. [1979] in Table 12 ). The concentration of Cr in the MCCs is slightly higher than in average deepsea clays, but is similar to the Cr concentration in Upper Cretaceous-lower Tertiary red and green claystones at Site 367 (eastern North Atlantic; Cores 367-15 and 367-16, Table 12 ) that are stratigraphically equivalent to the MCCs in the North American Basin. The concentration of Cr in the MCCs also is similar to that in red and green claystones interbedded with black shales at Sites 603 and 530. Concentrations of Co are not elevated in the MCCs from Site 105, but are considerably elevated in the MCCs from Site 603 (Table 12 ; Fig. 22 ).
Do the high concentrations of several elements, particularly Ni, Cu, and, Co at Site 603, indicate enrichment from hydrothermal sources, as suggested by Lan-100,000 10 
Zinc
Copper Chromium Nickel Vanadium Figure 24 . Histograms comparing concentrations of zinc, copper, chromium, nickel, and vanadium in multicolored clays and claystones from DSDP Sites 105, 603, and 386, and hot-brine deposits of the Red Sea. Solid dots are data of Lancelot et al. (1972) for Site 105; open circles are data of Bischoff (1969) and Hendricks et al. (1969) for Red Sea hot-brine deposits; solid triangles are data for Hole 603B (Table  7 , this chapter); solid squares are data of Murdmaa et al. (1979) for Site 386. Horizontal bars are mean concentrations. Solid triangle with a star (*) is Sample 603B-32-1, 61 cm (Table 7) , which has unusually high concentrations of V and Zn and was not included in the mean for Hole 603B.
celot et al. (1972)? If they do, then the MCCs should also be enriched in Mn and Fe relative to some conservative detrital element such as Al, as is found in the hydrothermal metalliferous sediments of the Bauer Basin and the East Pacific Rise (e.g., Boström and Peterson, 1969; Sayles et al., 1975; Heath and Dymond 1977; Bischoff and Rosenbauer, 1977) . Figure 25 shows that the MCCs at Site 603 do not fit this criterion for metalliferous sediments, and that they are similar in composition to normal pelagic clays and most similar to modern red clay on the Hatteras Plain (V26-157). But the high concentrations of some elements and the bands enriched in goethite, manganese oxides, and sphalerite (described by Lancelot et al. [1972] in the MCCs at Site 105), and the high concentrations of Co, Ni, and Cu in the MCCs at Site 603, certainly do require explanation. Because Fe, Mn, and other elements, particularly the transition elements, are easily mobilized under reducing conditions, Arthur (1979b) hypothesized that much of the excess element concentration in some bands within the MCCs at Site 105 was derived from upward diffusion of dissolved ions and advection of pore waters from compaction of the black shales underlying the MCCs. When the chemically reduced ions derived from the underlying black shales attained a significantly oxidizing interface within the MCCs or at the sediment/water interface, Fe and/or Mn oxides precipitated in response to lower solubilities under increased Eh conditions. Arthur (1979b) suggested that sphalerite, which is mainly at the base of the MCCs, also originated by upward diffusion or advection of Zn in pore waters from the underlying black shales. Sulfur required for sphalerite precipitation could have come from upward-diffusing sulfide from the oxic/suboxic boundary as well. If the black claystones are the principal source of the metals, and if upward diffusion is the mechanism for transporting these metals, then highest concentrations of metals should be either at the top of the black claystone section or at the base of the overlying MCCs. For example, Dean and Parduhn (1984) presented.evidence that several trace transition elements and Ba had migrated to the top of the black claystone section at Site 530 in the southern Angola Basin. The section at Site 530, like that at Site 603, consists mainly of red and (Table 7 , this chapter). Areas representing ranges of concentrations of Al, Mn, and Fe in sediments from the Bauer Basin, East Pacific Rise (EPR), and Pacific pelagic sediments are from Bischoff and Rosenbauer (1977) . Ranges representing surface pelagic sediments from the South Atlantic are from Boström et al. (1972) . A sample of surface red clay (V26-157) from the Hatteras Abyssal Plain southeast of Site 603 is shown for comparison (Table 12; green claystone beds, with some black claystone beds. Dean and Parduhn found that concentrations of Co, Cr, Cu, Mo, Ni, V, and Zn generally were higher in black claystone beds in the upper part of the section than in the lower part. The most striking difference was for Ba concentration, which was considerably higher in all lithologies at the top of the black claystone section. Dean and Parduhn (1984) suggested that the higher concentrations of Ba and the trace transition elements was due to upward diffusion from the reduced black claystones. Table 3 shows that, with one exception (Sample 603B-28-1, 25 cm), the highest concentrations of Co, Cu, and Ni occur in samples of green and black claystones at the base of lithologic Unit III (Core 603B-32). Highest concentrations of V and Zn also occur in the one black claystone sample from this core (Sample 603B-32-1, 61 cm). These high concentrations of trace transition elements at the base of the MCC section are consistent with reductive remobilization of these sediments as proposed by Arthur (1979b) .
If reductive remobilization of metals from the black claystone interval is responsible for the high concentrations of metals in the MCCs, then we are somewhat puzzled that the MCCs at Site 367 (Cape Verde Basin, eastern North Atlantic) are not mineralized and do not contain high concentrations of trace transition elements (Table 12 ; Fig. 22 ; Dean and Gardner, 1982) , even though the underlying black shales at this site are the richest in marine organic matter and trace elements of any black shales in the Atlantic. This may reflect a sampling problem, however, because the section at Site 367 was only spot cored; the oldest core containing MCCs (Core 367-16; Table 12 ) is separated from the youngest core containing black claystone (Core 367-17) by 66.5 m of section that was not cored.
Lithologic Unit II-Eocene Radiolarian Claystones
Lithologic Unit II extends from Core 603B-22 up to Core 603B-15, and includes 63 m of section. The top 10 m of this unit (Core 603B-15 and top of Core 603B-16) contains particularly brilliant red, orange, and green color variations together with several black beds (Site 603 chapter, this volume). Shipboard observations noted that the black beds were not enriched in OC but rather had high concentrations of manganese. We analyzed four samples from this unit, three from Core 603B-15 and one from Core 603B-16. Table 3 shows that concentrations of most trace elements in these four samples generally are lower than those of the MCCs of lithologic Unit III and the red and green claystones of Unit IV. Sample 603B-15-4, 87 cm (Table 3 ) does contain higher concentrations of Co and Ni (150 and 210 ppm, respectively) than most samples listed in Table 12 or plotted in Figure  22 , and would be considered enriched in these elements by most criteria (e.g., the 90th-percentile metal-rich criterion for black shales by Vine and Tourtelot, 1970; Fig. 22) . Samples 603B-15-3, 12 cm and 603B-16-2, 20 cm contain unusually high concentrations of Cu (160 and 210 ppm, respectively). The one sample of black claystone from Core 603B-16 (Sample 603B-16-2, 20 cm) also is enriched in manganese (1.67% MnO), which confirms the shipboard observations. We suspect that the high concentrations of several transition elements in several samples from the multicolored claystones of lithologic Unit II were derived from hydrogenous or hydrothermal sources. CONCLUSIONS 1. Results of geochemical investigations of the Neocomian carbonates in lithologic Unit V of Hole 603B supported our visual recognition of three lithologic types: bioturbated white limestone; homogeneous, calcareous black claystone; and an intermediate laminated marlstone or limestone. A fourth lithologic type, consisting of coarse clastic turbidites, was not considered in this investigation. The organic matter in the black claystones is low in nitrogen, hydrogen, and phosphorus, and is primarily of terrestrial origin. The carbonate lithologies contain more marine organic matter, as indicated by higher concentrations of hydrogen (higher HI) and lighter δ 13 C values. Geochemically, the main distinction between the bioturbated and laminated carbonates is the better degree of preservation of the organic matter in the laminated marlstones and limestones, as manifested by higher HI values. Comparison of the Neocomian carbonates at Site 603 with those at Site 367 on the other side of the North Atlantic, off Northwest Africa, shows that the organic matter at Site 367 contains more marine organic matter, as indicated by higher values of HI and lighter values of δ 13 C.
2. The Neocomian black claystones have lower A1 2 O 3 / TiO 2 and Na 2 O/K 2 O ratios than either of the carbonate-rich lithologies. These two ratios in the carbonate lithologies at Site 603 trend toward values similar to those for white limestones at Site 367 off Northwest Africa. These compositional differences may reflect mixing of North American and African sources of clastic material in the pelagic carbonates and/or climatic differences between North America and Northwest Africa.
3. The green and black claystones of lithologic Unit IV, like the calcareous black claystones of Unit V, contain mostly terrestrial organic matter, as indicated by low values of HI, a C/N ratio of 25, and values of δ 13 C that are mostly between -24 and -26. The black claystone beds show the expected source trends, in which the more OC-rich beds contain better-preserved, more-marine organic matter with low OI values, high HI values, and lighter δ 13 C values. The green claystone beds all contain less than 1.0% OC (and most contain <0.3%), but they are somewhat unusual in that they have a large range of HI and OI values. We conclude that the organic matter in the black claystones is more abundant (higher OC content) but generally more degraded (lower HI values and higher C/N and C/P ratios) than that in the green claystones, and that it is mainly of terrestrial origin, deposited in oxygenated bottom waters. Black claystone beds are most abundant in the Cenomanian part of the section, reaching a maximum at the Cenomanian/Turonian boundary. This period of time is recognized as one of rapid accumulation and burial of OC-rich strata worldwide, in response to increased marine productivity. Before the late Cenomanian, mainly terrestrial organic matter accumulated along the continental margin of North America, and was subsequently redeposited in the deep sea, chiefly by turbidity currents. In response to increased marine productivity worldwide near the Cenomanian/Turonian boundary, however, more marine organic matter accumulated in an expanded and intensified oxygen-minimize zone along the continental margin.
4. The black claystone beds at Site 603 are enriched in many trace transition elements relative to average continental crust, average nonblack shale, and average deepsea clay, but they are not enriched in any element relative to Cretaceous black shales from other DSDP sites or from land sections. The samples with highest concentrations of transition metals, especially V and Zn, occur in the upper Cenomanian part of the section that contains the most marine organic matter.
5. The interbedded black, green, and red claystones of lithologic Unit III are overlain by a unit of only red and green claystones of Late Cretaceous to early Tertiary age, the so-called multicolored claystones of the Plantagenet Formation. This unit is reported to contain high concentrations of several trace transition metals . Compared with metal deposits associated with hot-brine pools in the Red Sea, multicolored claystones from Sites 105 and 603 are enriched in Cr, Ni, and V, whereas the Red Sea deposits are enriched in Zn and Cu. Compared with red clay from the adjacent Hatteras Abyssal Plain, the multicolored claystones are enriched in Cu and Ni. The multicolored claystones are not enriched in Fe and Mn, however, and therefore do not appear to be enriched in metals from hydrothermal sources as was suggested by Lancelot et al. (1972) . Excepting the high Ni and Cu concentrations, the multicolored claystones are most similar in composition to red clay from the adjacent Hatteras Abyssal Plain. We conclude that the bands of goethite, manganese oxide, and sphalerite described by Lancelot et al. (1972) , and any high concentrations of transition metals in the multicolored claystones, are derived from upward diffusion from the underlying black claystones of lithologic Unit III.
6. Lithologic Unit II represents a continuation of multicolored clay deposition that began with the deposition of Unit IV. The high concentrations of manganese in the few black clay stone beds in this unit, and the particularly brilliant colors of the claystone beds at the top of the unit, suggested that all beds also might be metalrich. Concentrations of most elements in the four samples we analyzed from Unit II generally are 4ower than those in the multicolored claystones from Unit III or the red claystones of Unit IV. These lower concentrations may be due, in part, to dilution of biogenic silica in the radiolarian claystones of Unit II. One of the four samples we analyzed, however, was enriched in Co and Ni, and two were enriched in Cu.
